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Summary
1. Species’ distributions are likely to be affected by a combination of environmental drivers.
We used a data set of 11 million species occurrence records over the period 1970–2010 to
assess changes in the frequency of occurrence of 673 macro-moth species in Great Britain.
Groups of species with different predicted sensitivities showed divergent trends, which we
interpret in the context of land-use and climatic changes.
2. A diversity of responses was revealed: 260 moth species declined significantly, whereas 160
increased significantly. Overall, frequencies of occurrence declined, mirroring trends in less
species-rich, yet more intensively studied taxa.
3. Geographically widespread species, which were predicted to be more sensitive to land use
than to climate change, declined significantly in southern Britain, where the cover of urban
and arable land has increased.
4. Moths associated with low nitrogen and open environments (based on their larval host
plant characteristics) declined most strongly, which is also consistent with a land-use change
explanation.
5. Some moths that reach their northern (leading edge) range limit in southern Britain
increased, whereas species restricted to northern Britain (trailing edge) declined significantly,
consistent with a climate change explanation.
6. Not all species of a given type behaved similarly, suggesting that complex interactions
between species’ attributes and different combinations of environmental drivers determine
frequency of occurrence changes.
7. Synthesis and applications. Our findings are consistent with large-scale responses to climatic
and land-use changes, with some species increasing and others decreasing. We suggest that land-
use change (e.g. habitat loss, nitrogen deposition) and climate change are both major drivers of
moth biodiversity change, acting independently and in combination. Importantly, the diverse
responses revealed in this species-rich taxon show that multifaceted conservation strategies are
needed to minimize negative biodiversity impacts of multiple environmental changes. We sug-
gest that habitat protection, management and ecological restoration can mitigate combined
impacts of land-use change and climate change by providing environments that are suitable for
existing populations and also enable species to shift their ranges.
Key-words: citizen science, climate change, frequency of occurrence, habitat loss, inverte-
brate declines, land-use change, Lepidoptera, moths
Introduction
The main drivers of global biodiversity change have
been identified (Millennium Ecosystem Assessment 2005),
but their impacts vary spatially, temporally and
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taxonomically. Drivers may also interact to produce syn-
ergistic or opposing effects (Travis 2003; Brook, Sodhi &
Bradshaw 2008; Schweiger et al. 2010), but there are few
empirical examples, particularly for insects, which com-
prise the majority of terrestrial biodiversity (Collen et al.
2012). Unquantified change and a resultant lack of evi-
dence-based conservation present pressing biological and
strategic management challenges.
Here, we utilize a substantial data set of species occur-
rence records to examine long-term changes in a species-
rich insect taxon (Lepidoptera: macro-moths) in Great
Britain (GB). Large-scale, comprehensive assessments of
biodiversity changes in speciose insect taxa are rare
(Thomas 2005; Mattila et al. 2008, 2009; Jeppsson et al.
2010). Moths constitute one of the largest groups of her-
bivorous insects, forming key links in food webs, inflict-
ing damage (as well as pollination) on their plant hosts
and providing a major food source for insectivorous ani-
mals in many ecosystems (Strong, Lawton & Southwood
1984).
We calculate long-term changes in frequency of occur-
rence of 673 lepidopteran species in GB and evaluate the
trends in relation to species’ predicted sensitivities to
recent climatic and habitat changes. Habitat modification,
particularly agricultural intensification, is considered the
pre-eminent cause of recent species declines in GB and
other western European countries (Warren & Key 1991;
Robinson & Sutherland 2002; Kleijn et al. 2009). In par-
allel, climate change is eliciting changes in the geographi-
cal range, abundance, phenology and biotic interactions
of Lepidoptera species (Parmesan 2006). Climate change
provides a shifting context for the impacts of habitat
modification, either amplifying or ameliorating species’
responses depending upon ecological traits and biogeo-
graphical situation.
Gradients of land use, climate and species’ distribu-
tions combine conveniently to provide distinct (often
opposite) predictions of changes to species’ occurrence in
GB. Northern GB retains a higher proportion of semi-
natural habitats than southern GB, where levels of land
conversion to intensive agriculture and urbanisation have
been greater (Morton et al. 2011). Therefore, moth spe-
cies that are not strongly constrained by climate and
occur widely in GB might be expected to decline in the
south while remaining relatively stable in the north, in
response to land-use changes. On the other hand, many
insect species (including many macro-moths) reach the
north-western climatic limit of their European range
within southern GB. These species should benefit from
climate change, leading to the opposite prediction – they
should potentially increase as the climate has warmed
(Hickling et al. 2006). In contrast, arctic–alpine species
that are restricted to northern and montane areas in GB
might be expected to decline in response to regional
warming. By considering warm-adapted, cold-adapted
and relatively climate-insensitive (within GB) species
across a broad gradient of land-use intensity, we attempt
to tease apart the effects of change in land use and
climate on GB moths.
Land-use changes involve altered management (e.g.
increased fertilizer input) as well as conversion from one
land-use type to another. We considered these effects by
analysing the occurrence changes in moths that are
monophagous on larval host plants that possess different
environmental requirements. Trait-based analyses of
plant trends have been linked to drivers of change
(Carey et al. 2008), utilizing Ellenberg indicator values to
characterize the realized niches of plants along environ-
mental gradients, such as those relating to soil chemistry
and light availability (Ellenberg 1979). Thus, by consider-
ing the Ellenberg indicator values of moth larval hosts,
we can examine links between drivers of botanical
change and changes to the frequency of occurrence of
moths.
Here, we test three hypotheses: (i) macro-moth species
will show a wide diversity of changes as they respond to
diverse drivers, but will have declined overall, mirroring
wider biodiversity trends. (ii) The responses of species
with different geographical distributions (southern, north-
ern, widespread) are expected to differ because the effects
of climate and land use may differ between these species
categories. (iii) Moth occurrence trends will be associated
with host plant attributes (Ellenberg indicator values);
specifically, moths that use types of plant that are in
decline, such as those associated with low nitrogen soil
conditions, will also be in decline.
We found support for each hypothesis, enabling us to
assess long-term moth biodiversity change. These results
will guide future research into drivers of biodiversity
change and inform ecological management to buffer
species from negative impacts.
Materials and methods
DATA SOURCES
GB species occurrence records for macro-moths (here defined
as Lepidoptera families: Hepialidae, Cossidae, Zygaenidae,
Limacodidae, Sesiidae, Lasiocampidae, Saturniidae, Endromidae,
Drepanidae, Geometridae, Sphingidae, Notodontidae, Erebidae,
Nolidae and Noctuidae) for the period 1970–2010 were obtained
from the National Moth Recording Scheme data base:
11 074 870 records were extracted. These were collated from
volunteer observers during recording for distribution atlases
organized by the Biological Records Centre and Butterfly
Conservation (Heath & Emmet 1983; Hill et al. 2010) (accessi-
ble via the National Biodiversity Network http://data.nbn.org.
uk).
Interspecies detectability differences can be an issue with
analysis of occurrence data (MacKenzie et al. 2006; Kery,
Gardner & Monnerat 2010), so we only considered within-
species changes over time. New knowledge of species’ biology
or novel collection methods may also alter detectability (Jepps-
son et al. 2010). Thus, non-resident species and those subject
to taxonomic revision since 1970 were excluded from the analy-
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sis. We also excluded species for which recording methodolo-
gies changed (e.g. most Sesiidae were excluded because the
recent introduction of pheromone lures has greatly improved
detection rates) and species that occurred in <10 grid squares
in the 1970–1999 period, as no range margin could be deter-
mined for these species (see next section). This left 673 species
(10 462 519 records in total) for our analysis.
Each species occurrence was attributed to a 10 9 10 km grid
square of the GB Ordnance Survey (OS) National Grid (hereafter
‘grid squares’) for analysis. The records cover 93% of GB grid
squares.
CLASSIF ICATION OF SOUTHERN, NORTHERN AND
WIDESPREAD SPECIES
Range margins were determined as the mean latitude of the 10
most northerly or southerly occupied grid squares in 1970–1999
(Hickling et al. 2006), the baseline period for our analysis. Spe-
cies were then classified into three groups, based on the 488 km
north gridline (OS National Grid). ‘Southern species’ had a
northern (cold) range margin that occurred in the southern half
of Britain (i.e. south of 488 km north OS). ‘Northern species’
had a southern (warm) range margin north of 488 km north.
‘Widespread species’ did not meet either criteria, occurring in
both northern and southern GB (Fig. 1). There was little
evidence of taxonomic bias between these groups (Fig. S1,
Supporting information).
ANALYSIS OF CHANGES IN FREQUENCY OF
OCCURRENCE
Temporal and spatial variation in recording intensity (Boakes
et al. 2010) must be accounted for in analyses of species occur-
rence data (Ponder et al. 2001; Heden€as et al. 2002; Telfer,
Preston & Rothery 2002; Hassall & Thompson 2010; Pardo
et al. 2013). We interpreted moth occurrence data using the
program Frescalo to determine temporal trends for each species
(Hill 2012). This method utilizes the presence or absence of
‘benchmark’ species to assess recording intensity at a given
location. A local set of benchmark species was defined for each
(focal) grid square, based on species occurrence data in sur-
rounding ‘neighbourhoods’. The fraction of benchmark species
observed in a focal square enables recording effort to be esti-
mated, which can then be used to adjust the observed frequen-
cies of species occurrence. The adjusted frequencies are then
used to assess trends over time (see Hill 2012 and Appendix
S1, Supporting information for detailed explanation).
Frescalo was applied to the total moth data set (673 spe-
cies), split into two time periods of roughly equal numbers of
records, 1970–1999 vs. 2000–2010. For each time period, a grid
square was categorized as having species detected (1) or not-
detected (0) (giving a sample of 720 969 data points). Neigh-
bourhoods were defined based on spatial proximity and floristic
similarity using 1970 onwards vascular plant data from Pres-
ton, Pearman & Dines (2002). For each location in our
analysis, the corresponding neighbourhood was defined as the
Fig. 1. Change in frequency of occurrence (per year change in relative reporting rate, RRR) 1970–1999 vs. 2000–2010 for southerly dis-
tributed, northerly distributed and geographically widespread moths. Significant results shown as ** P < 001 and *** P < 0001. Species
with individually significant changes (P < 005) are shown in black. Change values are multiplied by 103 to improve axis legibility.
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50 most floristically similar (using a spatial smoothing kernel)
grid squares selected from the 100 geographically closest
squares to each location (Appendix S1, Supporting informa-
tion).
Change in moth species’ frequency of occurrence was estimated
by considering the relative reporting rate (RRR; Appendix S1,
Supporting information) of each species in each time period
(1970–1999 and 2000–2010) (Hill 2012). Temporal trends for each
species were expressed as the yearly change in RRR, calculated
as the overall change between the mid-points of the two time
periods (i.e. 1984 and 2005, respectively) divided by the number
of intervening years. The significance of these trends was deter-
mined using a z-test by:
z ¼ t2  t1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r12 þ r22
p
where t1 and t2 are the relative reporting rates of a given species
from the first and second time periods, and r12 and r22 are the
variances associated with the RRR for periods t1 and t2, respec-
tively. Trends in RRR were determined to be significant (at the
95% confidence level) if |z| > 196. The analyses of Frescalo
trends were carried out in R v2.9.2 (R Development Core Team
2009).
Finally, for widespread species, RRR trends were recalculated
separately for the northern and southern halves of Britain, divid-
ing the data along the 488 km north gridline.
CORRELATION WITH HOST PLANT AND
ENVIRONMENTAL VARIABLES
We tested host plant effects for the subset of 56 GB macro-
moths that are monophagous (Skinner 2009; Waring, Town-
send & Lewington 2009) on vascular plant species for which
distribution and trait (Ellenberg indicator values) data were
available. Long-term GB distribution changes in the plants
(1930–1960 vs. 1987–1999) and Ellenberg values were derived
from PLANTATT (Hill, Preston & Roy 2004). We used all
Ellenberg values in PLANTATT (soil nitrogen, soil pH, soil
moisture and shade tolerance) excluding salt tolerance, for
which there was insufficient variation for the plants in our
analysis.
We tested whether changes in frequency of occurrence
(DRRR year1) of the 56 moth species were correlated with
distribution change in their host plants. We fitted a multiple
regression of moth changes against their host’s Ellenberg values
for light, moisture, reaction (pH) and nitrogen. In all these sta-
tistical models, we included species distribution grouping
(‘southern’ or ‘widespread’ species; no northern species were
part of the monophagous group) as a control variable. Regres-
sions were fitted in R with moth DRRR year1 as a response
variable and either plant distribution change or Ellenberg traits
as explanatory variables. Initially, model residuals did not con-
form to normality, so three outlying data points were removed
to rectify this (Shapiro test for normality of residuals:
W = 09776, P = 042, n = 53), although results were qualita-
tively similar when including these data. We considered the
phylogenetic non-independence of species by fitting a mixed-
effects model with genus and family as random effects. Higher-
level phylogenetic relationships are not well resolved in
Lepidoptera so a full comparative analysis using a phylogeny
was not possible (Mutanen, Wahlberg & Kaila 2010). We used
the lme4 and lmerTest packages (Bates, Maechler & Dai 2008;
with significance of variables assessed using Satterthwaite’s
approximation for degrees of freedom, Kuznetsova, Brockhoff
& Christensen 2013).
Results
British macro-moth species decreased significantly in fre-
quency of occurrence between the periods 1970–1999 and
2000–2010 (Wilcoxon signed-rank test on DRRR year1
using all species: V = 87 558, n = 673, P < 0001): 260 of
the 673 species exhibited significant declines (P < 005),
with a further 157 species showing a tendency to decline.
In contrast, 160 species increased significantly (P < 005)
in frequency of occurrence, with 96 others showing a ten-
dency to increase. Thus, 420 (62%) of the species have
undertaken significant changes in frequency, with 16
times as many decreasing as increasing (Table S1, Sup-
porting information). The magnitude of these changes
was relatively similar between groups (median
DRRR year1 for significantly increasing species = 0006
[range 0002–0033]; significantly declining species:
median = 0006 [range = 0024 to 0002]; Table S1,
Supporting information). The results reveal a wide diver-
sity of occurrence changes among moths.
Geographically limited species showed contrasting
trends (Fig. 1). Species restricted to northern Britain
(trailing edges of distributions) declined significantly in
frequency of occurrence (with 94% of species declining;
V = 10, n = 17, P = 0002). In contrast, species confined
to southern GB did not show a significant change overall
(V = 8575, n = 186, P = 087): 24% of species declined
significantly, while 27% increased significantly.
On average, geographically widespread species
decreased in frequency of occurrence (V = 39 066,
n = 470, P < 0001; Fig. 1): 45% of individual species in
this group declined significantly. When trends for wide-
spread species were recalculated separately for southern
and northern GB, we found disproportionately larger
declines in the south (Fig. 2). There was no significant
change in frequency of occurrence of widespread species
in northern GB (V = 53 569, n = 470, P = 055), but a
significant decline in the south (V = 37 017, n = 470,
P ≤ 0001).
Changes in frequency of occurrence of monophagous
macro-moths and distribution changes in their larval host
plants were not significantly linked (linear regression:
slope = 0002, t = 133, P = 019, R2 = 003; mixed model:
slope = 0002, t = 199, P = 0057; n = 53 species for
both; Fig. S2, Supporting information). However, there
was a negative relationship between moth species’ trends
and their host plant Ellenberg light values and a positive
correlation between moth trends and host Ellenberg nitro-
gen values (Table 1; Fig. 3). Moths utilizing larval host
plants growing in open, low-fertility conditions declined
over time compared to species using plants in more
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shaded, nitrogen-rich environments. There were no rela-
tionships between moth trends and Ellenberg values for
moisture or reaction.
Discussion
Macro-moth species in Great Britain decreased overall in
frequency of occurrence between 1970–1999 and 2000–
2010, in keeping with a significant decrease in GB macro-
moth abundance over a similar period (Conrad et al.
2006), moth distribution trends in other countries (Mattila
et al. 2008; Groenendijk & Ellis 2011), and declines in
other insect taxa (Warren et al. 2001; Cameron et al.
2011). It provides further evidence that invertebrates are
as negatively impacted by environmental change as verte-
brates (Thomas et al. 2004; Collen et al. 2012). The diver-
sity of trends suggests that combinations of different
drivers are resulting in a mixture of responses.
The occurrence trends were calculated using the
Frescalo method to control for spatiotemporal variation
in recorder effort (Hill 2012). Without controlling for this
bias, variation in the intensity of recording can confound
assessments of species occurrence over time. The method
estimated frequency of occurrence, which is a function of
both local abundance and distribution extent (Appendix
S1, Figs S3 and S4, Supporting information).
The Frescalo method makes a number of assumptions.
One is that the probability of finding a species in a local-
ity can be estimated by its frequency in the neighbour-
hood (floristically similar grid squares in close spatial
proximity). We believe this is reasonable because moth
species tend to be associated with specific ecotypes and
plant communities and because plant communities are
generally good indicators of a range of local environmen-
tal conditions (e.g. soil structure, pH, moisture levels and
microclimate; Ellenberg 1979). A second potential consid-
eration of the Frescalo method is that poorly recorded
neighbourhoods cannot provide information about local
species frequency. This was not an issue in the current
analysis of moth data at 10-km resolution with neigh-
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Fig. 2. Change in the frequency of occurrence (per year change
in relative reporting rate, RRR) 1970–1999 vs. 2000–2010 of geo-
graphically widespread moth species in the northern and southern
halves of Britain (divided by 488 km north OS gridline, see
Fig. 1). Significant result shown as *** P ≤ 0001. Species with
individually significant changes (P < 005) are shown in black.
Change values are multiplied by 103 to improve axis legibility.
Table 1. Relationships from a multiple regression and linear mixed model of host plant Ellenberg indicator values on change in
frequency of occurrence of monophagous moth species (n = 53 for both). Significant results (P < 005) shown in bold text. Species distri-
bution grouping (‘southern’ or ‘ubiquitous’ species; no northern species were part of the 53 species) was included as a covariate, with the
intercept representing southern species
Coefficient
Model 1 multiple regression Model 2 mixed effects (phylogenetic control)
Coefficient SE t P Coefficient SE t P
Intercept 00057 00050 114 0261 00042 00049 0849 0401
Light 00014 00005 264 0011 00011 00005 2179 0035
Moisture 00007 00006 120 0236 00006 00005 1139 0261
Reaction 00004 00005 089 0378 00007 00005 1432 0160
Nitrogen 00013 00006 232 0025 00015 00005 2772 0008
Species distribution grouping 00006 00012 052 0607 00006 00012 0477 0636
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bourhoods of 50 grid squares, but it could be if analyses
were conducted at finer spatiotemporal scales. Finally, the
Frescalo method may have limited applicability for less
speciose taxonomic groups that have few potential bench-
mark species.
Our results demonstrate different patterns of change in
the frequency of occurrence among macro-moths with dif-
ferent geographical distributions and host plant traits,
providing full or partial support for each of our hypothe-
ses. Moths as a whole decreased in frequency of occur-
rence, as did northern and geographically widespread
species, while southerly distributed species showed no
overall trend. Additional analyses showed that geographi-
cally widespread species only decreased in the southern
half of Britain and showed no overall trend in the north.
Correlations between trends of monophagous moths and
Ellenberg indicator values of their host plants revealed
mixed findings.
The development of an understanding of the drivers of
moth biodiversity change in GB is a vital step for conser-
vation biologists and practitioners. We propose an inter-
pretation of our findings based on two major drivers of
change for GB biodiversity: habitat modification and
climate change. There is growing indirect evidence of the
impacts of these drivers on GB moths (Merckx et al.
2012; Fox 2013), but we acknowledge that other factors
may be involved and drive changes in the occurrence of
individual species.
The overall decrease in moth frequencies, and that of
the subset of geographically widespread species, is consis-
tent with a response to high levels of habitat modification,
as for butterflies (Warren et al. 2001), although it does
not exclude other explanations.
Our second set of hypotheses related to the perfor-
mances of three geographically defined groups of moths.
Southerly distributed (warmth associated) species were
predicted to increase in response to regional climate
warming (Fig. S5, Supporting information), but they also
inhabit the parts of GB with the highest levels of land-use
change. Some of these species increased and others
decreased (resulting in no overall significant trend in this
group, Fig. 1). This might reflect a diversity of habitat
and climatic sensitivities, although such results could also
be due to the species being insensitive to recent changes in
climate and land use.
In northern Britain, cold-adapted species have declined,
a response consistent with synergistic negative effects of
climate change and habitat modification (as found for
four northern GB butterfly species, Franco et al. 2006).
This is in keeping with other studies implicating climate
change in the retraction of warm range margins of
cold-adapted Lepidoptera (Thomas, Franco & Hill 2006;
Chen et al. 2011; Dieker, Drees & Assmann 2011).
Specific conservation measures may be required for these
trailing edge populations (Hampe & Petit 2005), including
steps to minimize negative land-use impacts and the
protection of climatic refugia.
Geographically widespread species only decreased, on
average, in southern GB; population monitoring has
yielded similar findings (Conrad et al. 2006; Fox et al.
2011). Almost all of the widespread species also occur in
warmer parts of Europe and are unlikely therefore to
have experienced a climatic deterioration of conditions in
southern GB, although there may be exceptions (e.g. Arc-
tia caja Conrad, Woiwod & Perry 2002) due, for example,
to local climatic adaptation. A greater proportion of
widespread species is increasing in northern GB (Fig. 2)
perhaps reflecting the positive impacts of climate change
for some species.
Southern GB has undergone greater loss of semi-natural
habitats since the early 20th century than the north. Com-
parison of 10-km grid square resolution land cover data
for 1931–1941 with 2000 data suggests an increase in arable
and urban land of 20% and 6%, respectively, in southern
GB, and a 4% decrease in arable and 1% increase in urban
land in the north (T. Jucker pers. comm.; Jucker 2010).
Although these habitat conversion trends have slowed
recently, the overall pattern of greater habitat modification
in the south has been retained and ongoing degradation in
habitat quality (e.g. loss of botanical species richness in lin-
ear features) has been recorded (Haines-Young et al.
2003; Carey et al. 2008). We suggest that the decline of
widespread moth species in southern GB is predominantly
linked to habitat modification. Further research is needed
to assess whether these rates of decline will cause regional
extinctions, and to identify effective conservation strate-
gies in the wider countryside (Kleijn et al. 2011).
The variation among species is as revealing as the over-
all trends (Table S1, Supporting information). Sixteen of
the 17 northern species showed a declining trend, suggest-
ing relatively consistent responses to drivers of change. In
contrast, many southern species increased significantly
while others decreased significantly; a pattern also seen
among widespread species. Given that species vary in
their habitat associations and likely responsiveness to
different elements of climate, it is not surprising that
simultaneous habitat and climatic changes generate
increases in frequency in some species and declines in
others (Menendez et al. 2007).
Much recent research has focussed on species’ traits as
predictors of biodiversity decline (Mattila et al. 2008;
€Ockinger et al. 2010), but success in explaining climate
change responses has been limited (Angert et al. 2011).
We examined traits of the plant hosts of moths, which are
expected to reflect sensitivity to land-use changes more
than the climate (Firbank et al. 2008; Kleijn et al. 2009).
Surprisingly, we found no significant relationship
between changes in host plant distributions and frequency
of occurrence of dependent moths (Fig. S2, Supporting
information). However, specialist moths rarely occupy the
entire range of their larval hosts (Quinn, Gaston & Roy
1997), and change in host plant distribution might occur
in parts of the range unoccupied by the associated moth.
In addition, thresholds of host plant abundance, quality
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and local distribution may determine moth persistence
(Menendez & Thomas 2000), but these are not accounted
for in assessments of distribution change. Finally, the lack
of association may stem from the inherent differences in
the measures being compared (frequency of occurrence
change for moths vs. distribution change for plants).
We did find significant correlations between changes in
the frequency of occurrence of moth species and Ellenberg
values of host plants for two predictors, showing that
monophagous moths that utilize plant species associated
with high light intensity and low-fertility soils tended to
decrease most strongly (as have plants with these traits,
Carey et al. 2008). Decreases among plants and their spe-
cialist herbivores associated with open, nutrient-poor con-
ditions can be attributed to habitat modification directly,
through changing agricultural and woodland manage-
ment, and also indirectly, for example due to eutrophica-
tion of the environment (Warren & Key 1991; Firbank
et al. 2008; Kleijn et al. 2009; Payne et al. 2013). Such
impacts, mediated through botanical communities (Payne
et al. 2013), have rarely been recorded among herbivores
(Hendriks et al. 2013). Although enrichment may be
reversible on individual sites, new approaches to the man-
agement of nutrients in the wider countryside will be
required to address declines of species restricted to low-
nutrient environments (Robertson & Vitousek 2009).
Synergistic climate change interactions, both negative
and positive, may also occur. Warmer conditions extend
the growing season (Menzel & Fabrian 1999) leading to
increased plant growth, particularly if coupled with rising
soil fertility. Thus, climate change could favour shade-tol-
erant species and could, perversely, reduce warm microcli-
matic niches required by invertebrates (WallisDeVries &
van Swaay 2006; Oliver et al. 2012). On the other hand,
for moth species that utilize plants favoured in high-
nitrogen environments, eutrophication may facilitate
climate-driven range expansion (Betzholtz et al. 2012).
Understanding species’ responses to the drivers of bio-
diversity change is vital to develop adaptive conservation
strategies (Mawdsley, O’Malley & Ojima 2009). The
diverse patterns of change revealed by our study suggest
that drivers of trends are likely to differ between species,
necessitating multifaceted approaches to conservation.
Nevertheless, a generic solution is to maintain existing
high-quality habitats and create new areas (Lawton et al.
2010). This will minimize declines (e.g. of widespread spe-
cies in the south) and maximize increases (e.g. of southern
species), regardless of whether species are responding
most strongly, or in combination, to land-use or climatic
changes. Hence, conservation strategies should aim to
retain sufficient quantity and quality of habitat to mini-
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Fig. 3. Change in the frequency of occurrence (per year change
in relative reporting rate, RRR) 1970–1999 vs. 2000–2010 of
monophagous moth species in relation to host plant Ellenberg
indicator values. Change values are multiplied by 103 to improve
axis legibility. Dashed lines are from univariate regressions.
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mize negative synergistic effects (Oliver et al. 2010; Araujo
et al. 2011), while facilitating the exploitation of opportu-
nities created by climate warming (Hodgson et al. 2011;
Thomas et al. 2012). This requires the protection of
remaining habitats from deleterious impacts, but also suf-
ficient knowledge of land management techniques to max-
imize habitat quality. Such knowledge is limited for
moths but can start by identifying landscape elements and
management practices associated with enhanced species
richness and abundance (Fuentes-Montemayor, Goulson
& Park 2011; Merckx et al. 2012).
Acknowledgements
We are indebted to the volunteers who contributed moth records and to
the County Recorders, Zo€e Randle and Les Hill who collated them.
NMRS funders included the Heritage Lottery Fund, Environment Agency,
Redwing Trust, Natural England, Countryside Council for Wales, North-
ern Ireland Environment Agency, Royal Entomological Society and Scot-
tish Natural Heritage. DR, CH and TO were part-funded by the Natural
Environment Research Council and Joint Nature Conservation Committee
partnership supporting the Biological Records Centre. We thank Les Hill
for data extraction, Mark Hill for analysis advice and T. Jucker and G.
Powney for historic land cover data. We also thank Tomas P€art, Tobias
Jeppsson, Michael Pocock and an anonymous reviewer for improvements
to the manuscript.
References
Angert, A.L., Crozier, L.G., Rissler, L.J., Gilman, S.E., Tewksbury, J.J. &
Chunco, A.J. (2011) Do species’ traits predict recent shifts at expanding
range edges? Ecology Letters, 14, 677–689.
Araujo, M.B., Alagador, D., Cabeza, M., Nogues-Bravo, D. & Thuiller,
W. (2011) Climate change threatens European conservation areas. Ecol-
ogy Letters, 14, 484–492.
Bates, D., Maechler, M. & Dai, B. (2008) lme4: Linear mixed-effects mod-
els using S4 classes. R package version 0.999375-20. http://lme4.r-forge.
r-project.org.
Betzholtz, P.-E., Pettersson, L.B., Ryrholm, N. & Franzen, M. (2012)
With that diet, you will go far: trait-based analysis reveals a link
between rapid range expansion and a nitrogen-favoured diet. Proceed-
ings of the Royal Society B, 280, 20122305.
Boakes, E.H., McGowan, P.J.K., Fuller, R.A., Chang-qing, D., Clark,
N.E., O’Connor, K. & Mace, G.M. (2010) Distorted views of biodiver-
sity: spatial and temporal bias in species occurrence data. PLoS Biology,
8, e1000385.
Brook, B.W., Sodhi, N.S. & Bradshaw, C.J.A. (2008) Synergies among
extinction drivers under global change. Trends in Ecology and Evolution,
23, 453–460.
Cameron, S.A., Lozier, J.D., Strange, J.P., Koch, J.B., Cordes, N., Solter,
L.F. & Griswold, T.L. (2011) Patterns of widespread decline in North
American bumble bees. Proceedings of the National Academy of Sciences
of the United States of America, 108, 662–667.
Carey, P.D., Wallis, S., Chamberlain, P.M., Cooper, A., Emmett, B.A.,
Maskell, L.C. et al. (2008) Countryside Survey: UK Results From 2007.
NERC Centre for Ecology & Hydrology, Lancaster.
Chen, I.-C., Hill, J.K., Shiu, H.-J., Holloway, J.D., Benedick, S., Chey,
V.K., Barlow, H.S. & Thomas, C.D. (2011) Asymmetric boundary shifts
of tropical montane Lepidoptera over four decades of climate warming.
Global Ecology and Biogeography, 20, 34–45.
Collen, B., B€ohm, M., Kemp, R. & Baillie, J.E.M. (2012) Spineless: Status
and Trends of the World’s Invertebrates. Zoological Society of London,
London.
Conrad, K.F., Woiwod, I.P. & Perry, J.N. (2002) Long-term decline in
abundance and distribution of the garden tiger moth (Arctia caja) in
Great Britain. Biological Conservation, 106, 329–337.
Conrad, K.F., Warren, M., Fox, R., Parsons, M. & Woiwod, I.P. (2006)
Rapid declines of common, widespread British moths provide evidence
of an insect biodiversity crisis. Biological Conservation, 132, 279–291.
Dieker, P., Drees, C. & Assmann, T. (2011) Two high-mountain burnet moth
species (Lepidoptera, Zygaenidae) react differently to the global change
drivers climate and land-use. Biological Conservation, 144, 2810–2818.
Ellenberg, H. (1979) Zeigerwerte von Gef€asspflanzen Mitteleuropas.
Scripta Geobotanica, 9, 1–122.
Firbank, L.G., Petit, S., Smart, S., Blain, A. & Fuller, R.J. (2008)
Assessing the impacts of agricultural intensification on biodiversity: a
British perspective. Philosophical Transactions of the Royal Society B,
363, 777–787.
Fox, R. (2013) The decline of moths in Great Britain: a review of possible
causes. Insect Conservation and Diversity, 6, 5–19.
Fox, R., Brereton, T.M., Asher, J., Botham, M.S., Middlebrook, I., Roy,
D.B. & Warren, M.S. (2011) The State of the UK’s Butterflies 2011. But-
terfly Conservation and the Centre for Ecology & Hydrology, Ware-
ham.
Franco, A.M.A., Hill, J.K., Kitschke, C., Collingham, Y.C., Roy, D.B.,
Fox, R., Huntley, B. & Thomas, C.D. (2006) Impacts of climate warm-
ing and habitat loss on extinctions at species’ low-latitude range bound-
aries. Global Change Biology, 12, 1545–1553.
Fuentes-Montemayor, E., Goulson, D. & Park, K. (2011) The effectiveness
of agri-environment schemes for the conservation of farmland moths:
assessing the importance of a landscape-scale management approach.
Journal of Applied Ecology, 48, 532–542.
Groenendijk, D. & Ellis, W.N. (2011) The state of the Dutch larger moth
fauna. Journal of Insect Conservation, 15, 95–101.
Haines-Young, R., Barr, C.J., Firbank, L.G., Furse, M., Howard, D.C.,
McGowan, G., Petit, S., Smart, S.M. & Watkins, J.W. (2003) Changing
landscapes, habitats and vegetation diversity across Great Britain. Jour-
nal of Environmental Management, 67, 267–281.
Hampe, A. & Petit, R.J. (2005) Conserving biodiversity under climate
change: the rear edge matters. Ecology Letters, 8, 461–467.
Hassall, C. & Thompson, D.J. (2010) Accounting for recorder effort in the
detection of range shifts from historical data. Methods in Ecology and
Evolution, 1, 343–350.
Heath, J. & Emmet, A.M. (1983) The Moths and Butterflies of Great Brit-
ain and Ireland. Harley Books, Colchester.
Heden€as, L., Bisang, I., Tehler, A., Hamnede, M., Jaederfelt, K. &
Odelvik, G. (2002) A herbarium-based method for estimates of temporal
frequency changes: mosses in Sweden. Biological Conservation, 105,
321–331.
Hendriks, R.J.J., Carvalheiro, L.G., Kleukers, R.M.J.C. & Biesmeijer,
J.C. (2013) Temporal-spatial dynamics in Orthoptera in relation to
nutrient availability and plant species richness. PLoS ONE, 8,
e71736.
Hickling, R., Roy, D.B., Hill, J.K., Fox, R. & Thomas, C.D. (2006) The
distributions of a wide range of taxonomic groups are expanding pole-
wards. Global Change Biology, 12, 450–455.
Hill, M.O. (2012) Local frequency as a key to interpreting species occur-
rence data when recording effort is not known. Methods in Ecology and
Evolution, 3, 195–205.
Hill, M.O., Preston, C.D. & Roy, D.B. (2004) PLANTATT. Attributes of
British and Irish Plants: Status, Size, Life History, Geography and Habi-
tats. Centre for Ecology and Hydrology, Wallingford.
Hill, L., Randle, Z., Fox, R. & Parsons, M. (2010) Provisional Atlas of the
UK’s Larger Moths. Butterfly Conservation, Wareham.
Hodgson, J.A., Moilanen, A., Wintle, B.A. & Thomas, C.D. (2011) Habi-
tat area, quality and connectivity: striking the balance for efficient con-
servation. Journal of Applied Ecology, 48, 148–152.
Jeppsson, T., Lindhe, A., G€ardenfors, U. & Forslund, P. (2010) The use
of historical collections to estimate population trends: a case study using
Swedish longhorn beetles (Coleoptera: Cerambycidae). Biological Con-
servation, 143, 1940–1950.
Jucker, T. (2010) Climate and land use drive compositional changes in the
flora of Scotland at distinct spatial scales. MSc thesis, Imperial College
London.
Kery, M., Gardner, B. & Monnerat, C. (2010) Predicting species distribu-
tions from checklist data using site-occupancy models. Journal of Bioge-
ography, 37, 1851–1862.
Kleijn, D., Kohler, F., Baldi, A., Batary, P., Concepcion, E.D., Clough,
Y. et al. (2009) On the relationship between farmland biodiversity and
land-use intensity in Europe. Proceedings of the Royal Society B, 276,
903–909.
Kleijn, D., Rundl€of, M., Scheper, J., Smith, H.G. & Tscharntke, T. (2011)
Does conservation on farmland contribute to halting the biodiversity
decline? Trends in Ecology & Evolution, 26, 474–481.
© 2014 The Authors. Journal of Applied Ecology © 2014 British Ecological Society, Journal of Applied Ecology, 51, 949–957
956 R. Fox et al.
Kuznetsova, A., Brockhoff, P.B. & Christensen, R. (2013) lmerTest: tests
for random and fixed effects for linear mixed effect models (lmer objects
of lme4 package).
Lawton, J.H., Brotherton, P.N.M., Brown, V.K., Elphick, C., Fitter,
A.H., Forshaw, J. et al. (2010) Making Space for Nature: a review of
England’s wildlife sites and ecological network. Report to Defra.
MacKenzie, D.I., Nichols, J.D., Royle, J.A., Pollock, K.H., Bailey, L.L. &
Hines, J.E. (2006) Occupancy Estimation and Modelling: Inferring Pat-
terns and Dynamics of Species. Elsevier, Burlington.
Mattila, N., Kotiaho, J.S., Kaitala, V. & Komonen, A. (2008) The use of
ecological traits in extinction risk assessments: a case study on geome-
trid moths. Biological Conservation, 141, 2322–2328.
Mattila, N., Kotiaho, J.S., Kaitala, V., Komonen, A. & P€aIvinen, J. (2009)
Interactions between ecological traits and host plant type explain distri-
bution change in Noctuid moths. Conservation Biology, 23, 703–709.
Mawdsley, J.R., O’Malley, R. & Ojima, D.S. (2009) A review of cli-
mate-change adaptation strategies for wildlife management and biodi-
versity conservation. Conservation Biology, 23, 1080–1089.
Menendez, R. & Thomas, C.D. (2000) Metapopulation structure depends
on spatial scale in the host-specific moth, Wheeleria spilodactylus (Lepi-
doptera: Pterophoridae). Journal of Animal Ecology, 69, 935–951.
Menendez, R., Gonzalez-Megıas, A., Collingham, Y., Fox, R., Roy, D.B.,
Ohlem€uller, R. & Thomas, C.D. (2007) Direct and indirect effects of cli-
mate and habitat factors on specialist and generalist butterfly diversity.
Ecology, 88, 605–611.
Menzel, A. & Fabrian, P. (1999) Growing season extended in Europe.
Nature, 397, 659.
Merckx, T., Marini, L., Feber, R.E. & MacDonald, D.W. (2012) Hedge-
row trees and extended-width field margins enhance macro-moth diver-
sity: implications for management. Journal of Applied Ecology, 49,
1396–1404.
Millennium Ecosystem Assessment (2005) Ecosystems and Human Well--
Being: Synthesis. Island Press, Washington DC.
Morton, D., Rowland, C., Wood, C., Meek, L., Marston, C., Smith, G.,
Wadsworth, R. & Simpson, I.C. (2011) Countryside Survey: final report
for LCM2007 - the new UK land cover map. NERC Centre for Ecology
& Hydrology, Lancaster.
Mutanen, M., Wahlberg, N. & Kaila, L. (2010) Comprehensive gene and
taxon coverage elucidates radiation patterns in moths and butterflies.
Proceedings of the Royal Society B, 277, 2839–2848.
€Ockinger, E., Schweiger, O., Crist, T.O., Debinski, D.M., Krauss, J., Ku-
ussaari, M. et al. (2010) Life-history traits predict species responses to
habitat area and isolation: a cross-continental synthesis. Ecology
Letters, 13, 969–979.
Oliver, T.H., Roy, D.B., Hill, J.K., Brereton, T. & Thomas, C.D. (2010)
Heterogeneous landscapes promote population stability. Ecology
Letters, 13, 473–484.
Oliver, T.H., Thomas, C.D., Hill, J.K., Brereton, T. & Roy, D.B. (2012)
Habitat associations of thermophilous butterflies are reduced despite
climatic warming. Global Change Biology, 18, 2720–2729.
Pardo, I., Pata, M.P., Gomez, D. & Garcıa, M.B. (2013) A novel method
to handle the effect of uneven sampling effort in biodiversity databases.
PLoS ONE, 8, e52786.
Parmesan, C. (2006) Ecological and evolutionary responses to recent cli-
mate change. Annual Review of Ecology, Evolution, and Systematics, 37,
637–369.
Payne, R.J., Dise, N.B., Stevens, C.J., Gowing, D.J. & BEGIN Partners (2013)
Impact of nitrogen deposition at the species level. Proceedings of the National
Academy of Sciences of the United States of America, 110, 984–987.
Ponder, W.F., Carter, G.A., Flemons, P. & Chapman, R.R. (2001) Evalu-
ation of museum collection data for use in biodiversity assessment.
Conservation Biology, 15, 648–657.
Preston, C.D., Pearman, D.A. & Dines, T.D. (2002) New Atlas of the Brit-
ish and Irish Flora. Oxford University Press, Oxford.
Quinn, R.M., Gaston, K.J. & Roy, D.B. (1997) Coincidence between con-
sumer and host occurrence: macrolepidoptera in Britain. Ecological
Entomology, 22, 197–208.
R Development Core Team (2009) R: A Language and Environment for
Statistical Computing. R Foundation for Statistical Computing, Vienna.
Robertson, G.P. & Vitousek, P.M. (2009) Nitrogen in agriculture: balanc-
ing the cost of an essential resource. Annual Review of Environment and
Resources, 34, 97–125.
Robinson, R.A. & Sutherland, W.J. (2002) Post-war changes in arable
farming and biodiversity in Great Britain. Journal of Applied Ecology,
39, 157–176.
Schweiger, O., Biesmeijer, J.C., Bommarco, R., Hickler, T., Hulme, P.E.,
Klotz, S. et al. (2010) Multiple stressors on biotic interactions: how
climate change and alien species interact to affect pollination. Biological
Reviews, 85, 777–795.
Skinner, B. (2009) Colour Identification Guide to Moths of the British Isles.
Apollo Books, Stenstrup.
Strong, D.R., Lawton, J.H. & Southwood, T.R.E. (1984) Insects on
Plants: Community Patterns and Mechanisms. Blackwell, Oxford.
Telfer, M.G., Preston, C.D. & Rothery, P. (2002) A general method for
measuring relative change in range size from biological atlas data.
Biological Conservation, 107, 99–109.
Thomas, C.D., Franco, A.M.A. & Hill, J.K. (2006) Range retractions and
extinction in the face of climate warming. Trends in Ecology and Evolu-
tion, 21, 415–416.
Thomas, C.D., Gillingham, P.K., Bradbury, R.B., Roy, D.B., Anderson,
B.J., Baxter, J.M. et al. (2012) Protected areas facilitate species’ range
expansions. Proceedings of the National Academy of Sciences of the
United States of America, 109, 14063–14068.
Thomas, J.A. (2005) Monitoring change in the abundance and distribution
of insects using butterflies and other indicator groups. Philosophical
Transactions of the Royal Society B, 360, 339–357.
Thomas, J.A., Telfer, M.G., Roy, D.B., Preston, C., Greenwood, J.J.D.,
Asher, J., Fox, R., Clarke, R.T. & Lawton, J.H. (2004) Comparative
losses of British butterflies, birds, and plants and the global extinction
crisis. Science, 303, 1879–1881.
Travis, J.M.J. (2003) Climate change and habitat destruction: a deadly
anthropogenic cocktail. Proceedings of the Royal Society B, 270, 467–473.
WallisDeVries, M.F. & van Swaay, C.A.M. (2006) Global warming and
excess nitrogen may induce butterfly decline by microclimatic cooling.
Global Change Biology, 12, 1620–1626.
Waring, P., Townsend, M. & Lewington, R. (2009) Field Guide to the
Moths of Great Britain and Ireland. British Wildlife Publishing, Gilling-
ham.
Warren, M.S. & Key, R.S. (1991) Woodlands: past, present and potential
for insects. The Conservation of Insects and Their Habitats (eds N.M.
Collins & J.A. Thomas), pp. 155–211. Academic Press, London.
Warren, M.S., Hill, J.K., Thomas, J.A., Asher, J., Fox, R., Huntley, B.
et al. (2001) Rapid responses of British butterflies to opposing forces of
climate and habitat change. Nature, 414, 65–69.
Received 25 October 2013; accepted 18 March 2014
Handling Editor: Tomas P€art
Supporting Information
Additional Supporting Information may be found in the online version
of this article.
Appendix S1. Further information on the Frescalo methodology
used to assess moth trends.
Fig. S1. The frequency and proportion of moths in different dis-
tribution groupings by taxonomic family.
Fig. S2. Change in frequency of occurrence of monophagous
moth species in relation to change in host plant distribution.
Fig. S3. Relationship between number of occupied grid squares
and relative reporting rate.
Fig. S4. Relationship between change in frequency of occurrence
and proportional change in occupied grid squares.
Fig. S5. Annual accumulated temperatures (growing degree days
>5 °C) during the two recording periods.
Table S1. Species frequency of occurrence trends with confidence
limits.
© 2014 The Authors. Journal of Applied Ecology © 2014 British Ecological Society, Journal of Applied Ecology, 51, 949–957
Patterns of moth biodiversity change 957
